Biallelic mutations in ABCC6 cause pseudoxanthoma elasticum (PXE), a disease characterized by calcification in the skin, eyes, and blood vessels. The function of ATP-binding cassette C6 (ABCC6) and the pathogenesis of PXE remain unclear. We used mouse models and patient fibroblasts to demonstrate genetic interaction and shared biochemical and cellular mechanisms underlying ectopic calcification in PXE and related disorders caused by defined perturbations in extracellular adenosine 5′-triphosphate catabolism. Under osteogenic culture conditions, ABCC6 mutant cells calcified, suggesting a provoked cell-autonomous defect. Using a conditional Abcc6 knockout mouse model, we excluded the prevailing pathogenic hypothesis that singularly invokes failure of hepatic secretion of an endocrine inhibitor of calcification. Instead, deficiency of Abcc6 in both local and distant cells was necessary to achieve the early onset and penetrant ectopic calcification observed upon constitutive gene targeting. ABCC6 mutant cells additionally had increased expression and activity of tissuenonspecific alkaline phosphatase (TNAP), an enzyme that degrades pyrophosphate, a major inhibitor of calcification. A selective and orally bioavailable TNAP inhibitor prevented calcification in ABCC6 mutant cells in vitro and attenuated both the development and progression of calcification in Abcc6 −/− mice in vivo, without the deleterious effects on bone associated with other proposed treatment strategies.
INTRODUCTION
Three human diseases-generalized arterial calcification of infancy (GACI), calcification of joints and arteries (CALJA), and pseudoxanthoma elasticum (PXE)-are characterized by debilitating ectopic calcification. The current understanding of the pathogenesis of GACI and CALJA suggests that aberrations in the extracellular adenosine 5′-triphosphate (ATP) catabolic pathway cause ectopic calcification; it is unclear whether a similar mechanism also applies to PXE. GACI [Online Mendelian Inheritance in Man (OMIM) #20800], the most serious of these disorders, often presents by 3 months of age with myocardial infarction secondary to occlusive coronary artery calcification (1) . Patients also have extensive medial calcification of their medium-sized and large arteries, predisposing to strokes and heart failure (2) . GACI generally results from biallelic loss-of-function mutations in ENPP1, which encodes an extracellular ectonucleotide pyrophosphatase/phosphodiesterase (ENPP) that converts ATP into adenosine 5′-monophosphate (AMP) and pyrophosphate (PPi) (1), a potent inhibitor of calcification in vitro (3) and in vivo (4) . Loss of ENPP1 activity results in decreased quantity of PPi both locally and systemically, and GACI patients reportedly have low plasma (5) and urinary (6) PPi concentrations.
CALJA (OMIM #211800) is an adult-onset disorder of medial arterial and joint calcification. Patients typically present in their third decade of life with lower extremity claudication due to calcification of the femoral, popliteal, and dorsalis pedis arteries, in addition to extra-articular joint calcification. CALJA is caused by biallelic lossof-function mutations in NT5E, which encodes CD73, an ecto-5′-nucleotidase that participates in ATP metabolism by degrading AMP to adenosine and inorganic phosphate (7) . Although calcification in GACI appears directly related to PPi deficiency, dysfunctional CD73 has been linked to increased PPi degradation by tissuenonspecific alkaline phosphatase (TNAP). Increased TNAP activity in CALJA is believed to be secondary to reduced amounts of extracellular adenosine and consequent impairment of intracellular adenosine receptor signaling that inhibits TNAP expression (7) . Thus, in both GACI and CALJA, ectopic calcification appears to be related to reduced extracellular concentration of the calcification inhibitor PPi.
In contrast to our understanding of GACI and CALJA, the mechanism of PXE (OMIM #264800), an autosomal recessive disorder of elastic fiber calcification, remains largely unknown. PXE patients exhibit calcification of elastic fibers in the skin, eyes, and arterial wall, resulting in characteristic papular lesions and skin laxity at flexure regions, fragmentation of Bruch's membrane underlying the retina leading to central vision loss, and medial arterial calcification causing peripheral vascular insufficiency. PXE typically results from mutations in ABCC6, which encodes a presumptive ATP-dependent exporter (8, 9) . Markedly, rare patients with biallelic mutations in ABCC6 develop GACI (OMIM #614473) instead of PXE, without compelling evidence for a genotype-phenotype correlation (4) .
The function of ATP-binding cassette C6 (ABCC6) remains unclear. ABCC6 is a member of the multidrug resistance protein family with demonstrated transporter activity (10) , but its endogenous substrate is unknown. The ABCC6 protein has very low expression in the peripheral cells directly affected in PXE, such as dermal fibroblasts and vascular smooth muscle cells (11, 12) , but strong expression in the liver and, to a lesser extent, kidney. The prevailing mechanistic hypothesis suggests that hepatocellular ABCC6 exports an endocrine inhibitor of calcification that acts at distant target sites (13) (14) (15) (16) and that failure of this event is sufficient to cause the systemic manifestations of PXE; only circumstantial evidence exists for this pathogenic model. Lack of understanding of disease pathogenesis has resulted in limited treatment options for PXE. Here, we attempt to unravel the mechanisms underlying PXE to better understand the pathways involved in ectopic calcification and conceive new therapeutic approaches.
RESULTS
Crossing Abcc6 to Enpp1 and Nt5e mutant mice reveals genetic interaction Because of the observed locus heterogeneity within the cohort of patients manifesting GACI and the clinical overlap among PXE, GACI, and CALJA, our initial hypothesis was that ABCC6 functions within the extracellular ATP metabolism pathway. To test this, we generated all possible genetic allele combinations by crossing Abcc6 mutant mice to Enpp1-or Nt5e-deficient mice. Micro-computerized tomography (micro-CT) was used to quantify the extent of calcification of the fibrous capsule surrounding the mouse vibrissae (whiskers on the muzzle; fig. S1 ), an early marker of ectopic calcification (17 ]. The fact that the calcification phenotype is saturated upon full loss of Enpp1 function, with no added effect of targeting Abcc6 alleles, is consistent with a model where Enpp1 functions upstream of Abcc6.
Crosses between Abcc6-and Nt5e-deficient mice also revealed evidence for genetic interaction (Fig. 1, C and D) . By 15 weeks of age, Nt5e −/− mice with or without one null Abcc6 allele showed no evidence of calcification, and deleting one Nt5e allele in Abcc6 −/− mice did not exacerbate calcification. However, Nt5e −/− mice with two null Abcc6 alleles showed calcification that was more severe than that observed in Abcc6 −/− mice. This interaction was statistically significant (two-way ANOVA: Abcc6 effect, P = 2.2 × 10 ; interaction effect, P = 1.1 × 10 −3 ). When aged to 1 year, Nt5e −/− mice showed mild calcification that was exacerbated by homozygous loss of Abcc6, again documenting genetic interaction (fig. S2, A and B; two-way ANOVA: Abcc6 effect, P = 2.2 × 10 −16 ; Nt5e effect, P = 1.7 × 10 −13
; interaction effect, P = 5.8 × 10
−7
). In this set of crosses, the observation that maximal phenotypic severity is only observed upon complete loss of function for both Abcc6 and Nt5e suggests that they work in combination rather than in tandem. Together, these findings suggest that PXE is caused by defects in the same pathway as GACI and CALJA; a parsimonious model places ABCC6 acting downstream of ENPP1 and in parallel with CD73, but more complex scenarios cannot be excluded.
Patient fibroblasts with biallelic ABCC6 mutations can calcify in vitro and have alterations in the extracellular ATP catabolic pathway To further probe whether metabolic defects observed in GACI and CALJA might also underlie the calcification phenotype in PXE, we generated primary fibroblast cell lines from patients with confirmed biallelic loss-of-function mutations in ABCC6 (ABCC6 Mut/Mut ), ENPP1 (ENPP1 Mut/Mut ), or NT5E (NT5E Mut/Mut ). The diseasecausing mutations were missense, nonsense, frameshift, or deletion (table S1) . In contrast to control fibroblasts, ABCC6
Mut/Mut cell lines, when cultured to confluency and then stimulated with osteogenic media for 21 days, exhibited fully penetrant but variably severe calcification, as assessed by Alizarin red staining (Fig. 2, A and B ; onetailed Student's t test, P = 0.045). As previously reported, the same stimulation with osteogenic media is needed to elicit calcification in ENPP1
Mut/Mut and NT5E Mut/Mut fibroblasts (7) . These data demonstrate a cell-autonomous predisposition in ABCC6
Mut/Mut cells that requires exogenous provocation for phenotypic expression and validate the use of these cells for further biochemical analysis of the functional consequences of ABCC6 mutations in vitro.
We measured the steady-state enzymatic activity of ENPP1 and CD73, and their respective gene expression, in confluent-cultured ABCC6 Fig. 2C ; one-way ANOVA, P = 0.001). In addition, there was a marked increase in ENPP1 mRNA expression in ABCC6
Mut/Mut cells compared to controls ( Fig. 2D ; one-way ANOVA, P = 0.016). ENPP1 mRNA expression was also elevated in ENPP1
Mut/Mut cells (all containing at least one missense allele), but the mutated protein lacked function, as predicted. These data are consistent with the ordered biochemical pathway inferred from our genetic interaction data and suggest that mutations in genes encoding for proteins distal to ENPP1 lead to compensatory up-regulation of ENPP1, with a predicted increase in PPi production. This compensation is impossible with biallelic loss-of-function mutations in ENPP1, perhaps reconciling the particular severity of the GACI phenotype.
As Mut/Mut cell lines, all of which have biallelic mutations creating a premature termination codon expected to elicit nonsense-mediated mRNA decay ( Fig. 2F ; one-way ANOVA, P = 0.038). These data suggest that reduced production and/or bioavailability of substrate (AMP) limits CD73 activity but not expression. This demonstration of metabolic cross-talk among ENPP1, CD73, and ABCC6 further validates the conclusion that ABCC6 contributes to extracellular ATP metabolism.
Liver-specific deletion of Abcc6 does not recapitulate the Abcc6 −/− phenotype implicating both local and systemic factors in ectopic calcification Previous reports demonstrating high expression of ABCC6 in the liver and low expression of ABCC6 in disease-affected tissues (11) have advanced a liver-centric mechanistic hypothesis for PXE (14) : that peripheral tissue calcification reflects failed liver secretion of an endocrine inhibitor of calcification. In contrast, our in vitro findings suggest that a cell-autonomous perturbation of extracellular ATP metabolism in ABCC6
Mut/Mut fibroblasts is sufficient to predispose to calcification but that an exogenous trigger is required for phenotypic expression. To explore this issue in vivo, we generated a mouse carrying a conditional Abcc6 allele (Abcc6 flox/flox ) that was subsequently crossed to a number of different lines that express Cre recombinase in a cell type-or tissuespecific manner.
As evidenced by micro-CT, global ablation of Abcc6 with cytomegalovirus (CMV)-Cre resulted in calcification of the fibrous capsule surrounding the muzzle vibrissae at 20 weeks of age, fully recapitulating the phenotype of Abcc6 −/− mice (Fig. 3 , A and B; one-way ANOVA, P = 2.2 × 10
−16
). Contrary to the proposed liver-centric model, however, efficient liver-specific deletion of Abcc6 using albumin-Cre (Abcc6 flox/flox ; Alb-Cre) failed to induce any calcification at 20 weeks (Fig. 3A) . We verified efficient deletion of Abcc6 in hepatocytes by breeding the Alb-Cre mice to a Rosa mTmG mouse line; all cells that recombine change expression from membrane Tomato (mT; red fluorescence) to green fluorescent protein (mG; green fluorescence). All hepatocytes in the Rosa mTmG ; Alb-Cre mice showed green fluorescence (Fig. 3C) .
Cell type-or tissue-specific ablation of Abcc6 using Cre drivers specific for vascular smooth muscle (SM22a-Cre), vascular endothelium (VE-cadherin-Cre), skeletal muscle (Pax7-Cre), renal tubular cells (Cdh16-Cre), pericytes (Pdgfrb-Cre), adipocytes (Fabp4-Cre), and bone marrow (CD45-Cre) also failed to induce calcification at 20 weeks of age (table S2) . Curiously, 1 of 22 mice with Wnt1-Cre mediated ablation of Abcc6 in the neural crest, including local cells surrounding the vibrissae, showed mild calcification of the fibrous capsule at 20 weeks of age (Fig. 3, A and B, and table S2). Upon breeding the Wnt1-Cre mouse line to a Rosa mTmG reporter, we discovered mosaic recombination within the liver; at 20 weeks of age, green fluorescence (indicating recombination) was observed in about 12% of hepatocytes (Fig. 3C ). When aged to 1 year, Abcc6 flox/flox ; Alb-Cre and Abcc6 flox/flox ; Wnt1-Cre mice showed reduced penetrance and variable expressivity of calcification of the vibrissae fibrous capsule compared to Abcc6 flox/flox ; CMV-Cre mice (Fig. 3 , D and E, and table S2; one-way ANOVA, P = 4.68 × 10 −11 ). Deleting Abcc6 in all other cell types and tissues tested did not result in calcification at 1 year of age (table  S2) . These data suggest that the loss of Abcc6 expression in the liver sensitizes to calcification but that this event in isolation is insufficient to achieve the threshold loss of function needed for highly penetrant and severe phenotypic expression. The efficiency of the tissue-specific Abcc6 ablation was confirmed by measuring Abcc6 expression at 1 year of age. Like Abcc6 Abcc6 ; interaction effect, P = 1.1 × 10 −3 . P values of post hoc comparisons are indicated in the figure.
Next, we deleted Abcc6 in a combinatorial manner in an attempt to recapitulate the robust calcification seen at 20 weeks in Abcc6 −/− and Abcc6 flox/flox ; CMV-Cre mice. Deleting Abcc6 in all organs caudal to the heart and lungs (Abcc6 flox/flox ; Alb-Cre; Cdx1-Cre), including the liver and kidney, did not result in calcification at 20 weeks of age, providing strong evidence against a pathogenic hypothesis that singularly invokes an endocrine mechanism (Fig. 4, A ; Alb-Cre; Wnt1-Cre), induced calcification at 20 weeks, albeit with reduced penetrance (5 of 13 mice calcified). All Cre-line combinations were also bred to a Rosa mTmG mouse line to confirm efficient targeting of the cell and/or tissue type (Fig. 4C) .
Although circulating PPi amount appears decreased in Abcc6 −/− mice and PXE patients (18) , it remains uncertain whether decreased plasma PPi is the primary determinant of disease. To explore whether deleting Abcc6 in a combinatorial method was further decreasing circulating PPi concentrations in an additive manner that correlated with the severity of ectopic calcification, we measured plasma PPi concentrations in different cell-and tissue-specific Abcc6 knockout mouse models at 1 year of age and simultaneously quantified vibrissae fibrous capsule calcification via micro-CT (Fig. 5) . As expected, constitutive deletion of Abcc6 (Abcc6 flox/flox ; CMVCre) resulted in a robust calcification phenotype (Fig. 5, A and B ; one-way ANOVA, P = 1.09 × 10 ; CMV-Cre mice (Fig. 5, A and B ) and yet showed comparably reduced concentrations of circulating PPi (Fig. 5C ). The same knockout combinations showed calcification equivalent to that observed in Abcc6 flox/flox ; Wnt1-Cre mice, despite normal circulating PPi concentrations in the latter. These data document poor correlation between the severity of calcification and the amount of circulating PPi.
Of all the cell type-or tissue-specific Cre drivers used in this study, only the use of Wnt1-Cre was associated with recombination within the fibrous capsule of the vibrissae (Fig. 3C) . Furthermore, the increase in disease penetrance in Abcc6 ; Alb-Cre animals cannot plausibly relate to enhanced liver recombination. Together, these data suggest cooperation between local and systemic events in the initiation and/or progression of calcification in PXE.
TNAP inhibition prevents in vitro calcification in cell lines with biallelic ABCC6 mutations under osteogenic conditions With evidence that local cells contribute to PXE pathogenesis, ABCC6
Mut/Mut patient fibroblasts emerged as a viable model for investigating potential therapies. We explored whether the calcification was related to increased TNAP activity, because it is known that TNAP is a major regulator of in vitro (19) and in vivo calcification (20) (21) (22) . When stimulated with osteogenic media for 5 days, ABCC6
Mut/Mut cells had increased TNAP enzymatic activity compared to controls ( fig. S4A ; twoway ANOVA: genotype effect, P = 0.010; treatment effect, P = 0.0029; interaction effect, P = 0.039). Expression of ALPL, the gene encoding TNAP, was concordantly increased ( fig. S4B ; two-way ANOVA: genotype effect, P = 0.012; treatment effect, P = 0.048; interaction effect, P = 0.18).
Arylsulfonamides are potent and selective inhibitors of TNAP (23). SBI-425, an arylsulfonamide derivative with optimized pharmacokinetic properties, effectively inhibits TNAP in vivo (21) . Treatment of ABCC6
Mut/Mut cells under osteogenic conditions with SBI-425 prevented in vitro calcification, whereas mutant cells treated with vehicle proceeded to calcify ( fig. S4 , C and D; two-way ANOVA: genotype effect, P = 0.029; treatment effect, P = 0.028; interaction effect, P = 0.029). These data demonstrate that in vitro calcification of ABCC6 Mut/Mut cells is TNAP-dependent, suggesting a potential therapeutic target for PXE. ; interaction effect, P = 2.1 × 10 −5 ). Mice were treated before the onset of any sign of calcification, as evidenced by micro-CT at 6 weeks of age, although microscopic nidi of calcification cannot be excluded. The therapeutic effect of both SBI-425 and etidronate was substantiated by measuring the calcium phosphate precipitate in muzzle tissue ( Fig. 6C ; one-way ANOVA, P = 8.4 × 10 −4 ). Serum samples taken from treated mice demonstrated that SBI-425 robustly inhibited plasma TNAP activity, whereas etidronate and control treatments did not, as expected (Fig. 6D) . Because there was no effect of genotype (two-way ANOVA: genotype effect, P = 0.64; treatment effect, P = 8.7 × 10 −12
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; interaction effect, P = 0.92), genotype was collapsed to evaluate for differences across treatment groups (one-way ANOVA, P = 1.5 × 10 −13 ). Whereas Abcc6 −/− mice had decreased circulating PPi concentrations compared to control mice, SBI-425 did not significantly increase PPi concentrations, potentially highlighting the contribution of local events to the pathogenesis of PXE ( fig. S5 ; two-way ANOVA: genotype effect, P = 0.0017; treatment effect, P = 0.24; interaction effect, P = 0.72).
Femora were evaluated for bone microarchitecture, mineralization, and mechanical properties at the conclusion of the treatment trial. Imaging of the femora showed significant effects of sex and treatment, but not genotype, across all trabecular bone parameters. It has been well established that trabecular architecture differs between male and female C57BL/6 mice, in an age-related manner, starting between 2 and 6 months of age (24) . SBI-425 treatment did not result in any changes to bone microarchitecture. ; genotype effect, P = 0.77) in the distal femur in both male and female mice. Etidronate-treated male, but not female, mice also had significantly increased trabecular thickness compared to vehicle-treated mice (fig. S6 , D and E; three-way ANOVA: gender effect, P = 7.2 × 10 −9
; treatment effect, P = 0.0050; genotype effect, P = 0.62). Trichrome staining of the undecalcified distal femora showed no abnormalities of bone mineralization in SBI-425 mice, but as previously reported, increased accumulation of osteoid was apparent in etidronate-treated animals ( fig.  S6F) (25, 26) . Neither of the treatment arms altered the cortical bone of the femoral diaphysis, as quantified by micro-CT (table S3) and  mechanical testing (table S4) .
To assess for therapeutic potential of SBI-425 in mice with established calcification, we aged Abcc6 −/− animals to 20 weeks and then treated them with either vehicle or SBI-425 (30 mg/kg per day) for 16 weeks. Whereas vehicle-treated Abcc6 −/− mice showed progressive muzzle calcification, SBI-425-treated animals did not ( fig. S7 ; oneway ANOVA, P = 0.050). These data suggest that although TNAP inhibition does not reverse existing calcification in this experimental context, it can prevent progression of the phenotype. The potential for chronic treatment to achieve therapeutic tissue remodeling in patients remains to be determined.
DISCUSSION
Here, both genetic and metabolic analyses provide compelling evidence that ABCC6 acts in concert with ENPP1 and CD73 to regulate extracellular PPi, a major physiologic inhibitor of calcification. This work suggests that ENPP1 is required for generation of PPi, whereas ABCC6 and CD73 cooperate downstream to inhibit TNAP expression and activity and maintain normal PPi amount (Fig. 7) . This interactive network reconciles the pronounced clinical severity of GACI and may provide insight into the phenotypic diversity associated with ABCC6 deficiency, ranging from early-onset GACI to late-onset PXE. Perturbation of this pathway limits the bioavailability of PPi, implying the potential for broad therapeutic relevance of TNAP inhibitors.
We demonstrate that ABCC6 Mut/Mut cells have the intrinsic capacity to calcify in vitro and have altered activity of enzymes involved in ATP catabolism-specifically, increased ENPP1 and TNAP and decreased CD73 enzymatic activities. Consistent with our findings, ABCC6 Mut/Mut dermal fibroblasts were previously shown to be morphologically and biochemically distinct from controls (27) (28) (29) and to have a tendency for matrix mineralization (30) . Although our data concur with previous studies demonstrating that ABCC6
Mut/Mut cells have higher gene expression and activity of TNAP (30, 31), we showed that ABCC6 Mut/Mut cells had increased (rather than decreased) ENPP1 enzymatic activity and mRNA expression. These discrepancies might arise from the differences in experimental design-we measured ENPP1 enzymatic activity and mRNA after 5 days in culture, whereas previous reports assayed after 21 days in culture; compensatory mechanisms might be at play (30) .
It has been proposed that the altered behavior of PXE fibroblasts in culture manifests memory for an in vivo imbalance of a circulating factor (13) . However, there exists additional evidence that inherent, cell-autonomous defects are operative in PXE. For example, abcc6-deficient zebrafish show ectopic calcification in the vicinity of osteoblasts that normally express Abcc6 (32). A reconciling view might invoke a role for ABCC6 in determining the amount of a circulating factor that regulates calcification and a local sensitization to its perturbation.
Previous work had shown that fibroblasts from GACI patients deficient for ENPP1 activity can also calcify in vitro, yet overexpression of ENPP1 in some, but not all locations in enpp1-deficient ; treatment effect, P = 3.7 × 10 
S C I E N C E T R A N S L A T I O N A L M E D I C I N E | R E S E A R C H A R T I C L E
zebrafish, could attenuate calcification at distant target sites (33) . Together, these data are consistent with the concept that, although necessary, systemic perturbations may not be sufficient to elicit disease in ectopic calcification disorders. These considerations highlight the relative importance of in vivo models to interrogate disease pathogenesis. Jiang and Uitto (14) and Jiang et al. (15) have postulated that PXE is specifically caused by a defect in liver secretion of an endocrine inhibitor of calcification at distant target sites. Parabiosis between Abcc6 −/− and control mice showed attenuation of the calcification phenotype in the mutant animals, when compared to parabiosis between knockouts (16). However, if PXE is solely driven by a deficiency of a systemic factor that equilibrates in the circulation, the wild-type partner in a wild-type-toAbcc6 −/− pairing (established before the onset of calcification) should show the same phenotype as the knockout mouse; this was not observed. Hence, isolated deficiency of a circulating metabolite appears insufficient to initiate PXE-associated calcification, indicating that another factor, perhaps imposed by a local cell, contributes to PXE pathogenesis. Consistent with this, we found that deletion of Abcc6 in both the liver and local cells in the fibrous capsule surrounding the vibrissae was required to phenocopy the early-onset calcification seen upon constitutive gene ablation; the ongoing observation of reduced penetrance heralds additional complexity regarding the critical threshold level and spatial distribution of ABCC6 function.
The observation of decreased circulating PPi in PXE mice and patients (18) has led to the suggestion that PPi is the protective endocrine factor that is missing in PXE; its deficiency in the extracellular space could result from impaired transport of ATP out of cells, with consequent reduction in AMP and PPi production from ATP catabolism (18) . Overexpression of ABCC6 in human embryonic kidney-293 cells resulted in increased extracellular monophosphates, including AMP, a finding that is thought most consistent with enhanced ATP secretion. However, whereas increased extracellular ATP was observed after concomitant treatment with an ENPP1 inhibitor, there was also a generalized increase in triphosphates, diphosphates, and monophosphates, suggesting promiscuous effects in this experimental system (18) . In our studies, there was poor correlation between plasma PPi concentration and the extent of vibrissae fibrous capsule calcification in mouse models. Although these data do not exclude a contribution of low circulating PPi, they suggest other determinants of disease pathogenesis.
Although our data have not revealed the precise function of ABCC6, they provide evidence that ABCC6 acts downstream of ENPP1, a view inconsistent with the hypothesis that ABCC6 is primarily involved in ATP transport. In addition, the fact that the classical GACI phenotype is more severe than later-onset PXE also suggests that ENPP1 functions upstream of ABCC6. If ABCC6 were needed to export ATP for extracellular processing by ENPP1, then it would be expected that PXE would routinely have a phenotype as severe as, or more severe than, GACI; this is not observed. Our data are consistent with a model in which ATP is degraded, at least in part, by intracellular ENPP1 to AMP and PPi, with ABCC6 potentially serving to secrete AMP for subsequent extracellular processing by CD73 to adenosine, which is then presumed to act through cell surface adenosine receptors to inhibit TNAP expression (Fig. 7) (7) . Although this remains to be formally tested, it is notable that previous reports have described intracellular ENPP1 activity, and there is no described AMP exporter (34) (35) (36) . In theory, ABCC6 could also contribute to the secretion of PPi, although this is not directly inferred from the data, and there is already an established plasma membrane PPi transporter, ANK (37) . Finally, the model proposed by Jansen et al. (18) that ABCC6 acts upstream of ENPP1 and transports ATP could be partially consistent with our genetic data if there is an alternative but limited source of extracellular ATP. It remains notable, however, that such model would not reconcile our findings, suggesting that ABCC6 and CD73 do not act sequentially but rather show cooperative function.
Because of the elusive pathological mechanism underlying PXE, therapeutic targets have been limited. Oral bisphosphonates, which directly disrupt calcium and phosphate precipitation and hence deposition, have been proposed as a treatment strategy for PXE (38) . Although the first-generation bisphosphonate etidronate (100 mg/kg, intraperitoneally administered twice a week) failed to prevent calcification in Enpp1 −/− mice (39), it effectively attenuated calcification in Abcc6 −/− mice when used at a high dose (240 mg/kg per day, orally) (40) . Nevertheless, etidronate is currently being tested in the treatment of patients with GACI (2) and CALJA (ClinicalTrials.gov ID: NCT01585402). One drawback is that etidronate results in detrimental changes to bone microarchitecture in mice (40) and in acquired hypophosphatemia with severe skeletal mineralization defects in GACI patients (41) . Our findings suggest that the TNAP inhibitor SBI-425 does not have these side effects.
Demonstration that TNAP inhibition attenuates both the development and progression of calcification in both in vitro and in vivo models of PXE helps further establish TNAP as a disease mediator and an attractive therapeutic target in calcification disorders, including PXE, GACI, and CALJA. This finding might also shed light on disease mechanism. The prevailing view that PXE relates to the liver's inability to secrete ATP predicts that there is a profound impairment in the generation of extracellular PPi. In this scenario, TNAP inhibition and consequent prevention of PPi degradation would not be effective. Here, we provide both genetic and biochemical studies that suggest a role for ABCC6 distal to the degradation of ATP to AMP and PPi by ENPP1. This offers the first rationale that TNAP inhibition would be effective. Given the lack of apparent toxicity, TNAP inhibition might also be considered for other disorders of ectopic calcification including common conditions, such as aortic valve calcification (42, 43) and chronic kidney diseaseassociated vascular calcification (44, 45) , in which decreased PPi has also been documented.
Despite this progress, a number of limitations should be considered. First, although our study draws attention to the potential importance of local events in PXE pathogenesis, the precise nature of . Proposed involvement of ABCC6 in extracellular ATP metabolism and the suppression of ectopic calcification. ENPP1 metabolizes ATP into AMP and PPi, whereas CD73 further degrades AMP into adenosine and inorganic phosphate (Pi). Adenosine can bind to its cell surface receptor to repress ALPL, the gene encoding TNAP. TNAP degrades PPi into Pi and is a primary distal regulator of PPi, a major negative inhibitor of calcification. Our data suggest that ABCC6 is integral to the extracellular ATP metabolism pathway and likely works downstream of ENPP1 and in tandem with CD73 to maintain low TNAP amount and prevent pathological calcification.
microenvironmental alterations remains speculative, and the ability to robustly monitor relevant metabolites is subject to both practical and technical limitations in the absence of specific information regarding the physiologic ABCC6 cargo. Second, this study uses the early-onset and highly penetrant vibrissae fibrous capsule calcification phenotype as a surrogate for tissue calcification events with relevance to patients with PXE, such as those in the eye and vasculature. Although there has been no documentation that vibrissae fibrous capsule calcification is somehow specialized in this regard, the broader relevance of findings made in this context remains assumed and will need to be documented. Finally, as always, observations made using model systems allow the generation of hypotheses that will require validation in patients with PXE.
MATERIALS AND METHODS

Study design
The purpose of this study was to elucidate the pathophysiological mechanisms underlying PXE and the function of ABCC6 in an effort to rationally design treatment strategies for this rare disease patient population. To explore the functional relationships among Abcc6, Enpp1, and Nt5e, we generated double-mutant mice and evaluated vibrissae fibrous capsule calcification via micro-CT. Because we saw strong evidence for genetic interaction, we further explored the role of extracellular ATP metabolism in primary fibroblasts derived from PXE, GACI, and CALJA patients. We found evidence for a provoked cell-autonomous defect and tested the relevance of these findings in vivo by generating a conditional Abcc6 knockout mouse model. The ability to recapitulate pathogenic events in vitro also allowed us to use ABCC6 Mut/Mut cell lines to explore possible therapeutic targets. When provoked under osteogenic conditions,
ABCC6
Mut/Mut demonstrated TNAP-dependent in vitro calcification. To extend these findings in vivo, we treated our Abcc6 −/− mice with a TNAP inhibitor. Efficacy and potential negative effects of therapy were evaluated using micro-CT, quantification of calcium phosphate deposition, serum collection, and studies of bone microarchitecture, histology, and mechanical strength.
Sample sizes were determined on the basis of statistical considerations and on pilot experiments that indicated the number of mice per group needed to generate statistical significance. For human cell lines experiments, our sample size was limited by the number of skin biopsy samples we were able to collect from patients with these very rare conditions. Both male and female mice and cell lines obtained from males and females were evaluated in this study. Mice were randomly assigned to treatment groups; sex was equally distributed among the groups. All experiments were performed blindly to genotype and/or treatment. No outliers were excluded. The number of biological replicates in each group is specified in the figures. Individuallevel data are included in table S5. Detailed materials and methods are provided in the Supplementary Materials and Methods.
Statistical analysis
All statistical analyses and graphs were generated in RStudio. Oneway, two-way, or three-way ANOVAs with Tukey's honest significance difference post hoc analysis were used to assess for major effects and determine whether there were differences between multiple groups. One-tailed Student's t test was used to analyze between two groups. All significant pairwise comparisons are shown, and P values are indicated in the figures. No outliers were excluded. a ≤ 0.05 was considered statistically significant. Data obtained from the intercrossing of Enpp1-, Nt5e-, and Abcc6-deficient mice were log-transformed before analysis to normalize the data. For all graphs, the lower and upper margins of each box define the 25th and 75th percentiles, respectively; the internal line defines the median, and the whiskers define the range. Values outside 1.5 times the interquartile distance are shown as open circles, whereas values outside 2 times the interquartile distance are shown as filled circles. The number of biological replicates in each group is specified.
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